Thoracic
dorsal root ganglia in bullfrogs contain sensory neurons that innervate the skin of the trunk and have synaptic connections in the dorsal horn of the spinal cord. The ganglion that innervates the forelimb contains, in addition to cutaneous afferents, many muscle afferents that project more ventrally in the spinal cord and make monosynaptic connections with motoneurons.
In the present study, we have transplanted thoracic sensory neurons to the brachial level in tadpoles to discover whether they can innervate forelimb muscles and, if so, whether they form central connections characteristic of forelimb muscle afferents. The ganglion that normally supplies the forelimb was removed from tadpoles and replaced with 2 thoracic ganglia. After the tadpoles completed metamorphosis, the peripheral and central connections of the transplanted thoracic sensory neurons were examined with anatomical and electrophysiological techniques.
When the ganglia were transplanted at stage XIV or earlier, transplanted sensory neurons innervated the forelimb and projected into the brachial spinal cord. Electrical stimulation of forelimb muscle nerves evoked impulses in the dorsal root, indicating that some centrally projecting sensory neurons were muscle afferents. Furthermore, muscle afferents were also activated by stretching muscles which suggests that they terminated on spindles.
HRP labeling of the central projections revealed that transplanted sensory neurons terminated at sites characteristic of both cutaneous and muscle afferents. The pattern of synaptic connections was assessed by recording intracellularly from motoneurons. Stimulation of muscle afferents produced monosynaptic EPSPs in motoneurons. As in normal frogs, triceps muscle afferents projected more strongly to triceps motoneurons than to subscapularis and pectoralis motoneurons, while subscapularis afferents projected to all 3 types of motoneurons.
Thus, the transplanted sensory neurons formed central connections appropriate to their novel peripheral targets. These observations suggest that interactions between sensory neurons and their targets may be important in determining their central connections.
During development, sensory neurons innervate targets in the periphery and subsequently form synaptic connections with neurons in the CNS (Ramon y Cajal, 19 11, 1929; Windle, 1934; Windle and Orr, 1934; Windle and Baxter, 1936; Windle and Fitzgerald, 1937; Vaughn and Grieshaber, 1973; Frank and Westerfield, 1983; Smith, 1983) . Sensory neurons innervating different peripheral targets establish connections with distinct and characteristic subsets of central neurons. One hypothesis proposed to explain this specificity suggests that developing sensory neurons acquire chemical labels from their peripheral targets that endow them with affinities for the correct subset of central neurons (Weiss, 1942; Sperry and Miner, 1949; Miner, 1956 ). According to this hypothesis, sensory neurons could initially be capable of innervating any one of a variety of peripheral targets. Previous investigators have attempted to test this hypothesis by forcing developing sensory neurons to innervate foreign peripheral targets and examining the central connections they subsequently form (Weiss, 1942; Kollros, 1943; Sperry and Miner, 1949; Miner, 1956; Szekely, 1959; Eccles et al., 1962; Jacobson and Baker, 1969; Baker and Jacobson, 1970; Mendell and Hollyday, 1976; Baker et al., 1978; Eide et al., 1982; Frank and Westerfield, 1982b; Szekely et al., 1982) . In many ofthese studies, the reflex behavior of the adult animals suggested that the sensory neurons made central connections appropriate to their novel targets. More definitive evidence that the connections were correct was obtained in the study by Frank and Westerfield (1982b) . Sensory neurons in a ganglion that supplies the rostra1 trunk in normal frogs (DRG 3) were induced to innervate the forelimb by removing the ganglion that normally supplies the forelimb (DRG 2) from tadpoles at stages during which the limb becomes innervated. After the tadpoles completed metamorphosis, the central connections of the sensory neurons in DRG 3 were examined with anatomical and electrophysiological methods. The study focused on connections between muscle spindle afferents and motoneurons because the patterns of these connections can be assessed by recording intracellularly from motoneurons. The sensory neurons that innervated the forelimb projected into the brachial spinal cord, like sensory neurons in DRG 2 in normal frogs. Furthermore, the patterns of connections between muscle afferents and motoneurons were the same as in normal frogs.
While this finding is consistent with the hypothesis that the central connections of sensory neurons are specified by their targets, an alternative explanation involving strict prespecification of sensory neurons and selective cell death is also possible (see Lance-Jones and Landmesser, 1980a, b; Whitelaw and Hol-the forelimb and in the brachial spinal cord. The forelimbspecified neurons in DRG 3 might die in normal frogs because they are prevented from innervating the forelimb by neurons in DRG 2, but they might survive when DRG 2 is absent. Consistent with this hypothesis, the removal of DRG 2 causes hypertrophy of DRG 3, suggesting that neurons that would normally die were rescued (see also Miner, 1956; Bibb, 1977 Bibb, , 1978 . ganglia, they were not used in subsequent experiments.
had no apparent effect on the sizes of the transplanted ganglia, or normal
In the present study, we have tested the ability of sensory neurons from midthoracic levels to innervate the forelimb in order to gain insight into which of these explanations is correct. Midthoracic ganglia seem unlikely to contain sensory neurons prespecified to innervate the forelimb because they are derived from neural crest cells at a different level of the neuraxis. Furthermore, they might lack sensory neurons able to innervate muscles in the forelimb because they are normally composed predominantly of cutaneous afferent neurons. Cutaneous afferents project exclusively into the dorsal horn and do not make monosynaptic connections with motoneurons (SzCkely et al., 1982; Jhaveri and Frank, 1983) . We were interested in finding out whether thoracic sensory neurons would form synaptic connections with motoneurons if they were given the opportunity to innervate forelimb muscles and, if so, whether they would project selectively to motoneurons supplying specific muscles. Midthoracic ganglia were transplanted to the brachial level in tadpoles. After the animals completed metamorphosis, the peripheral and central connections of the sensory neurons were examined anatomically and electrophysiologically. The results demonstrate that thoracic ganglia contain sensory neurons capable of becoming muscle afferents and provide further support for the hypothesis that the central connections of these afferents are specified by their peripheral targets.
Materials and Methods
Surgical procedures. Dorsal root ganglia (DRGs) were transplanted in approximately 100 bullfrog (Rana catesbieana) tadpoles ranging in age from stage V to stage XVII (Taylor and Kollros, 1946) . The tadpoles were anesthetized by immersion in 0.1% Tricaine methane sulfonate. DRGs 2-6 on the right side were exposed by a laminectomy. DRG 2, which supplies the forelimb, and DRG 3 were removed and discarded. DRGs 4 and 5 (or 4, 5, and 6) were then removed, usually with the dorsal roots still attached, and transplanted to the position previously occupied by DRG 2. Their dorsal roots were inserted into the spinal cord near the second dorsal root's normal entry point in order to encourage the growth of fibers into the spinal cord.
In preliminary experiments (n = 15), thoracic DRGs were removed from stage XVII-XVIII tadpoles, or juvenile frogs, and transplanted to the position normally occupied by DRG 2 in younger tadpoles (stage V-VIII). When the ganglia were examined 3-14 d later (n = 5) or in the adult frog (n = lo), few or no surviving sensory neurons were found. Therefore, in all later experiments, ganglia were transplanted to new positions in the same animal. In most instances, DRG 2 was removed and replaced by thoracic ganglia in a single operation. However, in 8 experiments, DRG 2 was removed from tadpoles at stage V-VIII, and thoracic ganglia were transplanted to the brachial level after the tadpoles reached stage XIV-XVII.
The removal of DRG 2 at an early stage allowed motoneurons whose axons were damaged more time to reestablish connections with the correct muscles.
In 1 series of animals, the thoracic ganglia were incubated in a saline solution containing 0.2 mg/ml mammalian NGF (a gift of Dr. Paul Patterson) for 10 min before they were transplanted to the brachial Prelabeling of DRGs with 3H-proline. In 6 tadpoles, DRGs 4 and 5 were labeled before they were transplanted by incubating them for 40 min in a physiological saline solution (composition in mM: Nat 116, K+ 2, CaZ+ 1.8, Cll 122, glucose 15, HEPES 5, at pH 7.2) containing 3H-proline (100 r&/ml). Tritiated proline is incorporated into protein by cells and can therefore be used as a long-lasting marker (Holt and Harris, 1983) . During the incubation, the ganglia were kept at room temperature in an oxygen-rich atmosphere. The ganglia were washed in at least 5 changes of fresh Ringer's solution before they were put back in the tadpole. After the animals completed metamorphosis, the ganglia were prepared for autoradiography and examined for the presence of labeled neurons (see below).
Histological examination of DRGs and muscles. Tissues were fixed by perfusion of the anesthetized frog with dilute Kamovsky's fixative (1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer) or removed from the anesthetized frog and fixed by immersion. The tissue was embedded in methacrylate plastic medium (JB4, Sorval) and sectioned at 5 or 10 pm. Sensory neurons stained with toluidine blue were identified by morphological criteria (a rim of cytoplasm surrounding the nucleus and a distinct nucleolus). When counting the numbers of sensory neurons per ganglion, profiles that did not contain a nucleolus were omitted to avoid counting the same neuron twice. Konigsmark's correction (1970) was used to adjust the counts for splitting of nucleoli.
Sections from ganglia that were incubated in 'H-proline were coated with Kodak NTB-2 emulsion. exnosed for 2-8 weeks at 4°C and developed in Kodak D-19 before being stained and examined. The number of exposed silver grains over 50 or more neurons in each ganglion was counted. The diameters of the neurons were also measured and used to calculate their areas. The background grain density was determined from the number of exposed grains over six 100 pm2 areas over the plastic embedding medium adjacent to the ganglion. Neurons in which the density of grains was greater than 10 times background were considered labeled. To explore the possibility that 'H-proline might leak out of the ganglia and be incorporated into other cells, counts were also made of the number of exposed grains over adjacent sympathetic ganglia (n = 2) or connective tissue (n = 1).
Electrophysiology. The procedures used in preparing frogs for electrophysiological experiments have been described previously Westerfield, 1982a, b, Sah and . Briefly, frogs were anesthetized by immersion in ice water and decapitated. Further dissection was carried out in oxygenated, physiological saline at 4°C. Branches of the brachial nerve on the right (experimental) side of the animal were dissected and transected. The spinal cord was exposed and bisected along the longitudinal midline. The brachial spinal cord together with the attached brachial nerve was placed in a recording chamber containing oxygenated, physiological saline at 14°C. Branches of the brachial nerve (see Fig. 1 ) were drawn into suction electrodes, which were used for electrical stimulation. Intracellular recordings were made from spinal neurons with glass micropipettes filled with 2.0 M K+ methylsulfate, with 0.5% Fast green to aid visualization of the electrode tip. Electrode resistances were between 70 and 120 MQ.
Spinal neurons antidromically activated by stimulating 1 of the branches of the brachial nerve were identified as motoneurons. Motoneurons with resting potentials more negative than -40 mV were accepted for analysis. Synaptic potentials evoked by electrical stimulation of peripheral nerves were averaged with a PDP 1 l/73 computer and stored digitally for further analysis (Frank and Westerfield, 1982a; Sah and Frank, 1984) .
The latencies and amplitudes of the responses evoked by stimulating different nerves were measured. The latencies were used to distinguish populations of sensory neurons that make monosynaptic, as opposed to polysynaptic, connections with motoneurons. The specificity of monosynaptic connections made by different populations of sensory neurons was assessed by measuring the amplitudes of responses they evoked in different species of motoneurons. If stimulation of a given nerve did not produce a clear monosynaptic response in a motoneuron, the amplitude of the response was measured at the time characteristic Figure I . Schematic drawing (dorsal view) of the spinal cord and peripheral nerves in a frog whose right forelimb was innervated by thoracic ganglia (DRGs 4 and 5) transplanted to the brachial level at larval stages (V-XIV). DRG 2, which normally innervates the forelimb, and DRG 3 were removed. The transplanted ganglia are partially fused and are attatched to the spinal cord by 2 dorsal roots, unlike DRG 2 on the unoperated (left) side. Peripheral axons of the transplanted sensory neurons together with axons of motoneurons form a brachial nerve with branches characteristic of the normal brachial nerve.
of the peak of monosynaptic responses observed in other motoneurons in the same animal. Stimulation of the muscle nerve containing the motoneuron's axon produced a coupling potential because of antidromic activation of other motoneurons in addition to a synaptic potential produced by the sensory fibers (Frank and Westerheld, 1982a) . The amplitude of the coupling potential was subtracted from the total amplitude of the response in order to estimate the amplitude of the synaptic potential.
Recordingfrom dorsal roots. The number of sensory fibers projecting into the spinal cord from different nerves in the forelimb (see Fig. 1 ) was estimated by electrically stimulating individual nerves with gradually increasing stimulus voltages and counting the number of increments in the compound action potential recorded from the distal stump of the cut dorsal root. In frogs in which there were multiple dorsal roots emerging from the transplanted ganglia, separate recordings were made from each rootlet.
Recording from muscle nerves. The response properties of sensory neurons supplying the medial triceps muscle were investigated by recording extracellularly from the medial triceps nerve while it was still attached to the muscle. The muscle was removed from the forelimb and placed in a recording chamber. It was stretched and released manually. Spikes of individual neurons were recognizable by their uniform amplitudes and regular interspike intervals. The number of activated neurons was counted, thus providing a lower estimate of the number of stretch-sensitive neurons innervating the muscle. In 4 frogs, recordings were also made from nerves supplying the subscapularis, suprascapularis, and/or deltoid muscles.
HRP labeling of sensorytiers in the spinal cord. Sensory projections into the spinal cord were visualized by HRP labeling. The central stump of the dorsal root (or roots) was placed into the tip of a suction electrode containing HRP (Boehringer-Mannheim, Type I) in aqueous solution. The root was exposed to the HRP solution for 10 min and then the suction electrode was removed. The spinal cord was kept overnight in oxygenated saline at 14°C and then fixed by immersion in dilute Karnovsky's fixative for 2 hr. The spinal cord was transferred to phosphate buffer containing 30% sucrose, embedded in a gelatin-albumin matrix (Frank et al., 1980) , and cut into 50 pm transverse sections with a freezing microtome. The sections were processed histochemically with diaminobenzidine and glucose-oxidase (Itoh et al., 1979) . Details of this procedure have been described (Sah and Frank, 1984 ).
An alternative labeling procedure was used to stain projections from transplanted sensory neurons in some frogs that were not used for electrophysiological experiments and to examine projections from brachial and thoracic nerves in normal frogs and tadpoles. The brachial nerve or a thoracic nerve was exposed and transected in the anesthetized, intact animal. Crystalline HRP was applied to the central stump of the cut nerve. The animal was allowed to recover from anesthesia and kept for 2 d. It was then reanesthetized and perfused with dilute Kamovsky's fixative. The spinal cord was removed and processed for visualization of the HRP-labeled sensory fibers, as described above. 
Results

Composition of DRGs at the time of transplantation
DRGs in tadpoles at the stages used for the transplantation experiments (stages V-XVII) contain differentiated sensory neurons, glial cells, and other small cells, some of which may be immature sensory neurons or neuronal precursors. Sensory neurons in ganglia at both brachial and thoracic levels of the neuraxis have peripheral axons and axons that enter the spinal cord via the dorsal roots, even in tadpoles as young as stage V. Many thoracic sensory neurons have already formed terminal arborizations in the spinal gray matter (Fig. 2) . Brachial sensory neurons begin to form terminal arborizations around stage VII-VIII, when the developing forelimbs reach the paddle stage. At stage XVII, which is the oldest stage at which ganglion transplantations were attempted, synaptogenesis is still in progress in the brachial spinal cord (Frank and Westerfield, 1983; Jackson and Frank, 1986 ).
Composition of transplanted DRGs
Thoracic DRGs that were examined 2-14 d after transplantation to the brachial level contained intact sensory neurons (Fig. 3) , although there were also neurons that appeared to be degenerating. The presence of intact sensory neurons suggests that neurons that differentiated before the ganglia were transplanted may have survived. Single ganglia were found at the brachial level in animals that were kept until they metamorphosed (l-4 months). These ganglia were probably formed by the fusion of the 2 (or 3) transplanted ganglia. Consistent with this interpretation, some of the ganglia were connected to the spinal cord by 2 separate dorsal roots (see Table 1 ), unlike ganglia in normal frogs, which have a single root.
One measure of the success of the transplantation was in the diameter of the dorsal root formed by the transplanted ganglia. In general, transplantations performed at earlier stages were more successful. Roots as large or larger than a single thoracic dorsal root were found in 28 of 5 5 frogs with ganglia transplanted at stages V-X and in 8 of 22 frogs with ganglia transplanted at stages X-XV. However, a root this large was found in only 1 of 8 frogs in which the transplantation was done at stages XV-XVII. The largest composite ganglion (formed by DRGs 4 and 5) had 2 roots, both nearly the size of a normal thoracic root (frog 85 1113, in Table 1 ). This ganglion contained approximately 4800 sensory neurons, which is fewer than the sum of the number present in ganglia 4 (6900-7 100, n = 2) and 5 (3200-3500, n = 2) in normal frogs'. The composite ganglion formed by the transplanted thoracic ganglia was always smaller than a normal DRG 2. ' Our counts of the neurons in ganglia 4 and 5 are about twice those found by Wilhelm and Coggeshall (198 1) . The reason for this difference is uncertain. One possibility is that some non-neuronal cells were incorrectly counted as neurons in the present study. However, the same criteria were used for counting normal and transplanted ganglia, so the comparative sizes are probably correct. The sensory neurons in these composite ganglia were derived from the transplanted ganglia and not from remnants of DRG 2. No remnant of DRG 2 was found in 19 of 20 frogs used for a separate series of experiments in which DRG 2 was removed and not replaced by transplanted ganglia. In the 1 frog in which DRG 2 was not completely removed, the surviving remnant was tightly apposed to the ventral root, like DRG 2 in a normal frog, and was much smaller than most of the transplanted ganglia. Furthermore, some of the largest transplanted ganglia were located more dorsally than DRG 2 in a normal frog. The abnormal position of these ganglia argues against the possibility that they were formed by remnants of DRG 2. Finally, the experiments in which thoracic ganglia were labeled with 3H-proline prior to transplantation provide direct evidence that transplanted cells survived. Labeled sensory neurons were present in the transplanted ganglia in 5 of the 6 frogs (see Fig. 4 ). In 3 of these frogs, large fractions of the sensory neurons were labeled (46, 63, and 84%) and the density of exposed grains was quite high (100 or more grains/ 100 pm2 tissue), but in the other 2 frogs, only a few sensory neurons were labeled. The grain density over sympathetic ganglia (14.5 and 6.8 grains/l00 prn2; n = 2) or connective tissue (9.5 grains/100 pm*; 12 = 1) adjacent to the transplanted ganglia was approximately the same as the background grain density (8-l 2 grains/100 pm2), which indicates that little 3H-proline was released by the transplanted ganglia and incorporated into adjacent cells.
Behavior of frogs with transplanted DRGs
The behavior of frogs with transplanted ganglia was tested before they were used for anatomical and electrophysiological experiments. Results for 26 frogs in which the dorsal root from the transplanted ganglia was as large, or larger, than a single thoracic dorsal root are given in Table 1 . In each of these frogs, the forelimb was innervated exclusively by sensory neurons in the transplanted ganglia. All but 1 of the frogs responded when the hand was pinched by withdrawing the forelimb or by moving. Most of them were able to use the forelimb normally while walking and, often, when landing after a jump. Frogs in which the transplanted ganglia were small or absent did not respond when the forelimb on the operated side was pinched nor did they use it appropriately when landing.
Transplanted sensory neurons innervate skin and muscles of the forelimb The axons of transplanted sensory neurons together with the axons of motoneurons entered the forelimb and subdivided to form branches characteristic of the normal brachial nerve. The number of sensory fibers in each branch was estimated by electrically stimulating it and recording the impulses that propagated into the dorsal root (see Materials and Methods). Records from a frog in which the ganglia were transplanted at stage VIII are illustrated in Figure 5 . Results from this frog (85 1113, in Table 1 ) were chosen for illustration because the transplanted ganglia formed a particularly large composite ganglion and because the presence of 3H label in the neurons confirmed that they were derived from the transplanted thoracic ganglia (same frog as illustrated in Fig. 4) . Results for 22 additional frogs are summarized in Table 1 .
Sensory fibers were present in large, mixed nerves such as the ulnaris and radialis nerves in all of the frogs. Cutaneous nerves were present in each of these frogs, which indicates that some of the sensory neurons innervated skin. In all but 1 of the frogs, sensory fibers were also found in nerves that innervated muscle exclusively, such as the triceps or subscapularis muscle nerve. The numbers of sensory fibers in the different nerves are generally in keeping with the pattern observed in normal frogs (last entry in Table l) , although the total number of fibers in each nerve is smaller than normal.
Some transplanted sensory neurons innervate muscle spindles Forelimb muscles in normal frogs contain sensory endings that are sensitive to changes in the length of the muscle (Adrian and Figure 7 . Spindle in a media1 triceps muscle innervated by transplanted sensory neurons (frog 850109, Table 1 ). The spindle (arrow) consists of a group of small muscle fibers surrounded by a connective tissue capsule. Plastic section, 10 wrn, stained with toluidine blue. Scale bar, 10 pm.
Zotterman, 1926). Sensory neurons in the transplanted ganglia also made stretch-sensitive endings in these muscles. Electrophysiological recordings from the medial triceps or other muscle nerves (see Fig. 6 ) showed that stretch-sensitive sensory neurons were present in at least 11 of 55 frogs with ganglia transplanted at stage V-X and 1 of 22 frogs with ganglia transplanted at stage X-XV (see Table 1 for partial list). The stretch-sensitive muscle afferents in normal frogs terminate on spindles, which are similar to spindles in mammalian muscles (Barker, 1974) . Three medial triceps muscles innervated by stretch-sensitive transplanted sensory neurons were sectioned and examined by light microscopy. Spindles, recognizable by morphological criteria (see Fig. 7 ), were present in each of these muscles. However, the number was smaller (l-6/ cmss section) than in the same muscle from a normal frog (about 1 O/cross section). The reduction in the number of spindles may be attributable to the fact that the muscles were innervated by fewer sensory fibers than normal. Studies in mammals suggest that developing muscle spindles require innervation by sensory fibers for their survival (Zelena, 1957) .
Central projections of transplanted sensory neurons
Anatomy
The photomicrographs in Figure 8 illustrate projections to the spinal cord from brachial and thoracic ganglia in normal frogs (Fig. 8,A and B) and from thoracic ganglia that were transplanted to the brachial level at stage VIII (Fig. SC') . Central projections Figure 6 . Impulses evoked in transplanted sensory neurons by stretching the media1 triceps muscle. This record is from the media1 triceps muscle nerve in a frog whose thoracic ganglia were transnlanted to the brachial level at stage VII (frog 850528 in Table 1 Table 1 ). Stimulation of medial triceps muscle afferents produced EPSPs in homonymous, medial triceps motoneurons (top truce) and in heteronymous, internal/external triceps motoneurons (second truce). The EPSP in the medial triceps motoneuron is superimposed on a coupling potential caused by activation of other medial triceps motoneurons (Westerfield and Frank, 1982) . Stimulation of cutaneous afferents (bottom truce) produced an IPSP that must be polysynaptic because sensory neurons do not produce monosynaptic IPSPs. The IPSP is followed by additional responses. Calibration pulses. 0.5 mV and 2.0 msec; each trace is the average of IO-60 sweeps.
from transplanted thoracic ganglia resemble those from normal brachial ganglia in that they terminate in both the dorsal horn (dorsal neuropil) and intermediate gray matter (ventral neuropil) . Sensory neurons in thoracic ganglia normally arborize only at thoracic, not brachial, levels of the spinal cord. Furthermore, they do not normally form a ventral neuropil. In normal frogs, the dorsal neuropil is composed of cutaneous afferent fibers, while the ventral neuropil contains the terminations of muscle afferents (Sztkely et al., 1982; Jhaveri a Frank, 1983) . The absence of a ventral neuropil at thoracic levels of the spinal cord reflects the absence of spindles in thoracic muscles (Ceccherelli, 1904) . The formation of both dorsal and ventral neuropils by sensory neurons in the transplanted ganglia suggests that neurons that innervated skin and muscles in the forelimb may have formed central connections appropriate to their targets. This suggestion was tested explicitly by examining their functional projections to motoneurons (see below).
Sensory neurons in ganglia transplanted as late as stage XV Responses produced by medial triceps muscle afferents occurred at shorter latencies (~7.0 msec) after the stimulus than those produced by cutaneous afferents. Conduction times to the dorsal root for both cutaneous and muscle afferents were shorter than 3 msec at the stimulus intensities used (see Fig. 5 ). Since the intraspinal delay for monosynaptic connections is approximately 3 msec (Frank and Westerfield, 1982a) , responses evoked by cutaneous afferents were probably produced polysynaptically. An additional reason for believing that cutaneous responses were produced polysynaptically is that they showed marked habituation after 2-3 stimuli at 1 Hz. Muscle afferent responses occurred reliably at this frequency. Furthermore, the initial responses evoked by cutaneous afferents often consisted of IPSPs (see Fig. 9 ), whereas responses produced directly by primary afferents are invariably excitatory. The data for medial triceps afferents are from all motoneurons in which responses >0.3 mV were observed (59 motoneurons, 8 frogs). A cutoff of 0.3 mV was chosen because smaller responses were difficult to discriminate from field potentials. Data for cutaneous afferents are from the 3 of the 8 frogs in this group in which pure cutaneous nerves were stimulated (47 motoneurons). If the response consisted of multiple components, the latency of each component was measured.
formed both dorsal and ventral neuropils (see Table 1 for a partial list). However, the number of sensory fibers was usually less than in the frog illustrated in Figure 8 , and in some frogs (12 of 53) the majority of the labeled fibers terminated in the dorsal horn. In 3 frogs in which the ganglia were transplanted after stage XV, almost all of the labeled sensory fibers terminated in the dorsal horn. The number of fibers terminating in the ventral neuropil may reflect the number of sensory neurons innervating spindles. Transplanted ganglia that innervated spindles, as evident from the presence of stretch-sensitive sensory neurons (see preceding section), always projected into the ventral neuropil. Ganglia that did not project into the ventral neuropil, such as those transplanted after stage XV, also did not innervate spindles in any of the muscles tested.
Physiology
Transplanted sensory neurons formed functional synaptic connections in the brachial spinal cord. Stimulation of cutaneous or muscle nerves containing the peripheral axons of these neurons produced synaptic potentials in motoneurons (see Fig. 9 ). The responses evoked by muscle afferents consisted of EPSPs, most of which occurred at latencies of less than 6.5 msec, while responses evoked by cutaneous afferents consisted of both EPSPs and IPSPs and occurred at longer latencies. The histograms in Figure 10 illustrate the latencies of these synaptic potentials. . Monosynaptic EPSPs in homonymous, medial triceps motoeurons, and heteronymous, internal/external triceps motoneurons are larger than those in non-triceps (pectoralis and subscapularis) motoneurons.
The differences in the latencies suggest that, just as in normal frogs, muscle afferents established monosynaptic connections with motoneurons, while cutaneous afferents did not. The fact that muscle afferents made monosynaptic connections with motoneurons suggests that they projected into the ventral neuropil (see preceding section). The specificity of the connections made by transplanted sensory neurons was further assessed by comparing the amplitudes of EPSPs evoked in different groups of motoneurons by stim- Amplitude histograms for monosynaptic EPSPs produced by subscapularis muscle afferents in subscapularis, pectoralis, and triceps (medial and internal/external) motoneurons. Subscapularis afferents differ from medial triceps afferents (Fig. 11 ) in that they project approximately equally to all 3 groups of motoneurons. ulating sensory fibers from different muscles. In normal frogs, stimulation of medial triceps muscle afferents produces EPSPs in triceps motoneurons that are, on average, 13 times larger than those produced in subscapularis and pectoralis motoneurons, even though all 3 types of motoneurons are located in overlapping regions of the spinal cord (Frank and Westerfield, 1982a) . By contrast, subscapularis muscle afferents project to all 3 types of motoneurons. A similar pattern was apparent in frogs in which forelimb muscles were innervated by sensory neurons in the transplanted thoracic ganglia, as illustrated by the records shown in Figure 9 and by the amplitude histograms in Figures 11 and 12 . Stimulation of medial triceps afferents (Fig. 11 ) produced large EPSPs in homonymous, medial triceps motoneurons (average amplitude, >0.70 + 0.21 mV, n = 24)' and in motoneurons supplying the synergistic, internal and external heads of the triceps muscle (average amplitude, 1.45 + 0.13 mV, n = 45). Projections of medial triceps afferents onto subscapularis and pectoralis motoneurons were much less strong (average amplitude, 0.14 f 0.03 mV, n = 45). Subscapularis muscle afferents (Fig. 12) produced EPSPs in subscapularis motoneurons (average amplitude, >0.58 f 0.10 mV; n = 22)' and pectoralis motoneurons (average amplitude, 0.45 f 0.16 mV, n = 16) and also in triceps motoneurons (average amplitude, 0.84 f 0.11 mV, n = 54). Thus, subscapularis afferents projected to all 3 types of motoneurons, just as in normal frogs. Data for individual frogs are given in Table 2 .
The preference of triceps afferents for triceps motoneurons can be more readily appreciated if results for individual frogs are considered separately and normalized to take into account the number of triceps fibers present. A convenient measure of the specificity of the projections is the "specificity index" (SI):
2 Values for homonymous projections probably underestimate the true magnitude of the homonymous input because submaximal stimulus intensities were used to avoid activating the motoneuron (see Frank and Westerfield, 1982a; Lichtman and Frank, 1984) .
SI-laverage triceps EPSP in non-triceps motoneurons average triceps EPSP in triceps motoneurons
In normal animals, responses evoked in non-triceps motoneurons are much smaller than responses evoked in triceps motoneurons; consequently, the ratio of the response amplitudes is small and the SI is close to 1.0 (0.73-0.95; Sah and Frank, 1984) . If the amplitudes of the responses evoked in the 2 populations of motoneurons were the same, the ratio of response amplitudes would be 1.0 and the SI, zero. Figure 13 shows the specificity indices for frogs with transplanted ganglia plotted against the estimated numbers of sensory fibers in the medial triceps nerves. The specificity indices for all 12 frogs are greater than 0.79, indicating at least a 4-fold preference for triceps over non-triceps motoneurons. This preference is apparent even in frogs in which only a few triceps afferents were present. For example, the single transplanted sensory neuron innervating the medial triceps muscle in frog 851028 (see Table 2 ) produced EPSPs of 60-160 /IV in internal/external triceps motoneurons (n = 6) but did not produce detectable responses in subscapularis and pectoralis motoneurons (< 10 pV; n = 5). Thus, despite the reduced numbers of sensory neurons innervating the medial triceps muscles, the central projections of these neurons appear to be just as specific as those of triceps sensory afferents in normal frogs.
Discussion
Thoracic sensory neurons that were transplanted to the brachial level in tadpoles innervated both skin and muscles in the forelimb and made synaptic connections with specific types of neurons in the brachial spinal cord. Sensory neurons innervating muscles formed monosynaptic connections with motoneurons, while those innervating skin did not. Moreover, afferents from the triceps muscle projected more strongly to triceps motoneurons than to subscapularis and pectoralis motoneurons, while afferents from the subscapularis muscle projected to all 3 types of motoneurons. Thus, transplanted thoracic sensory neurons made central connections like sensory neurons in DRG 2 in a normal frog. At the time they were transplanted, the thoracic ganglia contained sensory neurons that had already innervated the trunk and formed projections to the thoracic spinal cord. They probably also contained sensory neurons that had not yet formed axons and cells that were still dividing. We do not know which of these cells innervated the forelimb. Dupin (1984) reported that when ciliary ganglion cells from quail embryos were transplanted into the neural crest migratory pathway in less mature chick embryos, only the cells that were still dividing migrated and participated in the formation of neural crest derivatives. In the present study, the transplanted cells were not required to migrate but only to form new central and peripheral processes. Since previous studies have shown that both the central and peripheral processes of sensory neurons are able to regenerate after transection (see, for example, Katzenstein and Bohn, 1984; Sah and Frank, 1984; Liuzzi and Lasek, 1985) , it seems possible that differentiated neurons may have survived. The fact that intact neurons were present in ganglia examined 2-14 d after transplantation supports this suggestion.
Thoracic ganglia are normally composed predominantly of cutaneous sensory neurons. Although a few thoracic sensory neurons innervate axial muscles (probably less than 1%; C. Smith, unpublished observations), these muscles do not contain spindles (Ceccherelli, 1904) . When transplanted to the brachial level, thoracic sensory neurons innervate forelimb muscles, such as the medial triceps and subscapularis muscles, which do contain spindles. The transplanted neurons that innervate spindles in these muscles may be neurons that would normally be cutaneous afferents. The possibility that individual neurons might be capable of becoming either cutaneous or muscle afferents is interesting because cutaneous and muscle afferents terminate at different sites in the spinal cord. Cutaneous afferents terminate in the dorsal horn, while spindle afferents project more ventrally, into the vicinity of motoneurons.
An alternative explanation is that thoracic ganglia initially contain neurons prespecified to innervate spindles but which normally die. Previous studies have shown that as many as half of the sensory neurons generated degenerate during normal development in amphibians (Prestige, 1965; Bibb, 1977 Bibb, , 1978 and other vertebrates (Hamburger and Levi-Montalcini, 1949; Hughes and Carr, 1978; Hamburger et al., 1981) . Although the time course of cell death in thoracic ganglia of bullfrog tadpoles has not been described, studies on lumbosacral ganglia in Rana pipiens (Bibb, 1977 (Bibb, , 1978 indicate that the number of ganglion cells (probably including both neurons and non-neuronal cells) reaches a peak at stage XII and falls to the adult level by stage XVI. If the time course ofcell death in thoracic ganglia is similar, then most of our successful ganglion transplantations were done Table 1 ). Values for normal frogs are from Sah and Frank (1984) . The fact that the specificity indices are greater than 0.5 indicates that triceps afferents projected more than twice as strongly to triceps than non-triceps motoneurons in all 12 animals.
prior to the major period of cell death. Recently, Davies et al. (1986) have reported that cranial muscle afferents are dependent on trophic factors produced by muscle for their survival in vitro. By analogy, spinal ganglia may contain neurons prespecified to innervate muscle spindles that require trophic factors produced by muscles containing spindles. Such neurons would normally die in thoracic ganglia because axial muscles do not contain spindles, but they would survive if transplanted to the brachial level and allowed to innervate forelimb muscles. Few sensory neurons survived in ganglia transplanted after stage XIV. The reason for this massive degeneration is uncertain. Muscle spindle afferents might be absent because neurons capable of innervating spindles are reduced in thoracic ganglia at these later stages. However, cutaneous afferents should be present and capable of innervating forelimb skin. The neurons may have died because they were at a stage in development during which they required contact with their targets for their survival (Hamburger and Levi-Montalcini, 1949; Hughes and Carr, 1978; Hamburger and Yip, 1984) . Another possible explanation is that the sensory neurons were unable to obtain sufficient nutrients before their blood supply was reestablished. The capsule surrounding the ganglion in younger tadpoles is thinner and may allow better diffusion of nutrients into the ganglion.
By showing that sensory neurons derived from midthoracic levels can innervate the forelimb, the present findings rule out the possibility that the fates of sensory neurons are completely specified by their segmental origins. A similar conclusion was reached by Le Dourain and colleagues on the basis of studies in which neural crest cells were removed from quail embryos at stages prior to their migration and transplanted to different positions in chick embryos of the same ages (see Le Dourain, 1982 , for review). The transplanted crest cells migrated along pathways appropriate to their positions in the host embryos and formed structures normally derived from neural crest at those positions. Other studies suggest that the fates of neural crest cells may be determined, at least in part, by chemical factors produced by cells along their migratory pathways or at their destinations (reviewed by Patterson, 1978; Le Dourain, 1982) . A possible explanation of the formation of appropriate central connections by transplanted sensory neurons is that chemical factors in the vicinity of the DRG determine sensory neurons' choices of targets. However, the finding that sensory neurons in DRG 3 innervate the forelimb and form synaptic connections appropriate for forelimb afferents following removal of DRG 2 (Frank and Westerfield, 1982b) indicates that sensory neurons do not have to be in DRG 2 in order to form projections characteristic of DRG 2 neurons. Moreover, we have recently found that sensory neurons in DRG 4 also project to the brachial spinal cord and form connections characteristic of forelimb afferents when their peripheral axons are rerouted into the forelimb (Smith and Frank, 1987) . The finding that sensory neurons can form novel projections when their cell bodies are in their normal positions rules out the possibility that their fates are completely determined by their locations. Clearly, the identity of the peripheral target is important.
Does the peripheral target simply promote the survival of sensory neurons whose connections are prespecified or does it actually specify these connections?
To explain the present findings entirely by a hypothesis involving strict prespecification of sensory neurons requires postulating that thoracic ganglia initially contain sensory neurons specified for forelimb targets, such as the medial triceps muscle and subscapularis muscle, and the corresponding central targets, such as a subset of brachial motoneurons.
They must contain this diverse set of neurons in addition to all the neurons needed for their normal thoracic targets. Moreover, thoracic ganglia probably also contain sensory neurons that can innervate the hindlimb and form connections characteristic of hindlimb afferents since thoracic sensory neurons innervating supemumerary hindlimbs mediate appropriate behavioral responses (Miner, 1956; Mendell and Hollyday, 1976 ). While we do not know how many sensory neurons are generated in the thoracic ganglia, we think it unlikely that the number is sufficiently large to include neurons prespecified for targets in the trunk and both limbs as well.
Instead, we favor the hypothesis that the central connections of sensory neurons are specified by their peripheral targets. For example, peripheral tissues may have distinctive chemical labels that cause the sensory neurons contacting them to acquire their own distinctive labels, as suggested by the original hypothesis of peripheral specification (Weiss, 1942; Sperry and Miner, 1949; Miner, 1956) . Peripheral tissues are known to produce chemical factors that influence the development of neurons in spinal and autonomic ganglia (see reviews by Levi-Montalcini and Angeletti, 1968; Patterson, 1978; Le Dourain, 1982; Berg, 1984) . While, at present, there is no direct evidence that different tissues have distinctive, labels, the fact that motoneurons selectively innervate appropriate muscles Landmesser, 1980a, b, Whitelaw and Hollyday, 1983) suggests that their axons are guided by chemical labels in their pathways or target muscles. Sensory neurons might respond to these labels by developing affinities for specific central neurons. This hypothesis is in keeping with evidence that chemical labels are important in the formation of connections in other parts of the nervous system (Sperry, 1963; Fraser and Hunt, 1980; Bonhoeffer and Huf, 1982) and would account for the specificity of the connections formed by sensory neurons innervating either normal or novel targets.
